With a newly developed analytical technique, i.e. high temperature/pressure IR cell coupled to the reactor, it was possible to study the mechanism of hydroformylation at reaction conditions. It has been conclusively found that the hydrogenolysis of the aeyl cobalt, complex is performed by HCo(CO)4 and not by molecular H2, as proposed by Hect~ and Breslow.
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With a newly developed analytical technique, i.e. high temperature/pressure IR cell coupled to the reactor, it was possible to study the mechanism of hydroformylation at reaction conditions. It has been conclusively found that the hydrogenolysis of the aeyl cobalt, complex is performed by HCo(CO) 4 and not by molecular H2, as proposed by Hect~ and Breslow.
Therefore the formation of HCo(CO)4 from C02(CO)s is an intermediate step in the sequence of hydroformylation reaction steps. The rate of hydroformylation of any of the olefins is smaller than the rate of formation of HCo(CO)4 from C02(CO)s. The Ig spectra reveal that always more than 30% of the cobalt is in the form of tICo(CO)4 under the reaction conditions.
It is found that the formation of tICo(CO)4 from C02(CO)s is the slowest and most temperature-dependent step of the hydroformylation reaction. Also the reaction between olefin and HCo(CO)4 is slower than the hydrogenolysis of the aeyl complex.
The experiments were carried out under industrial oxo conditions. The diffusional effects were eliminated. The important features of this mechanism are:
1. Before the addition to olefin, elimin0~tion of one mole of CO from hydrocobaltcarbonyl occurs with the formation of an intermediate complex having a co-ordination number which is lowered by one, compared to the hydrocobalttetracarbonyl.
2. Formation of intermediates such as the ~ complex, alkylcobalt complex and acylcobalt complexes occur.
3. The hydrogenation of the acylcobalt complex occurs via molecular hydrogen, giving aldehyde. The recycling catalyst is either HCo(CO)4 or HCo(CO)3.
The hydrogenation of the acylcobalt complex in stoichiometric hydroformylation, i.e. at 1 arm and 25 ~ and at stoichiometric amounts of HCo(CO)4 and olefin, is suggested to be performed by HCo(CO)4. At catalytic conditions, however, it is believed that this is inoperative.
Most recent literature, published by Gankin et al. 7-9 and Whyman 19, support Mark6's findings, that the hydrogenolysis of the acylcobalttetracarbonyl is carried out by H211.
In order to bring evidences for the above mechanism, we have decided to study the hydroformylation reaction at catalytic conditions and at high temperature/pressure, with respect to kinetics, catalyst systems and intermediates via the high temperature/pressure IR cell 12.
Results and Discussion
The first step of the reaction is the formation of HCo(CO)4 from Co2(C0)8. We have carefully studied this reaction and found all the pertinent data is.
Necessary data and thermodynamic parameters, such as activation energies of the forward (11.7 kcal/mole) and reverse reaction (17.1 kcal/ mole), the enthalpy of reaction (6.6 kcal/mole), the entropy change (14.6 e. u.), heat of formation of HCo(C0)4 (--146.1 kcal/mole) and the H--Co bond strength (54.7 kcal/mole), have been determined. Also a mechanism has been put forward from the results of the differential pressure measurements, from which the kinetics for the formation of HCo(CO)4 were suggested.
In order to study the mechanism the hydroformylation reaction was After attaining the equilibrium between Co2(CO)s and HCo(CO)4 under the conditions mentioned (evident from IR spectra) (Fig. 1 a) , pentene was injected into the system. The IR spectrum ( Fig. 1 b) , after 1.5 rain of reaction time, compared with that at equilibrium conditions, shows a growth in absorbances of Co2(CO)s at 2068 cm -1, 1856 cm -1 (bridging) and a decrease in absorbanee of HCo(CO)4 and Co2(CO)s at 2032 cm -1.
In addition, new absorptions at i825 em -1 and 1730 cm -1, due to olefin and aldehyde respectively, were observed. The shoulder at In order to study the mechanism of the reaction, spectra were taken at different reaction times. From these the concentrations of Co2(CO)s and tICo(CO)4 were calculated with an accuracy of 4%, from their characteristic absorption bands, with their reported absorptivities xa. These concentrations were plotted as a function of time (Fig. 3) .
Also from the cobalt balance, the difference (A) between the initial Co~(CO)s charged and the total cobalt, observed as Co2(CO)s and HCo(CO)4, was plotted as a function of time. This difference A is the cobalt that is involved in the reaction or is the amount of intermediates which are bound to cobalt at that particular instant of the reaction.
The results cannot be explained with existing literature. First of all literature claims HCo(CO)4 as the recycling catalyst; therefore one would expect a different pattern of concentration change for C02(C0)8 Literature data contradicted this idea for several reasons. One of these is that the greater part of HCo(CO)4 is trapped by the olefin, which is in excess quantity. The break-up could not be carried out with the very low concentration of HCo(CO)4. The observation of Marled et al. 11 from the samples taken during the hydroformylation of heptene at catalytic conditions, showed no HCo(CO)4 which supported the above reasoning. They also mentioned that towards the end of the reaction, the HCo(CO)a concentration increased, which might act as a hydrogenation agent.
The graph presented in Fig. 3 shows that the sharp decrease of HCo(CO)a is being accompanied by a sharp increase in Co2(CO)s and the cobalt complexed on the intermediates. The steady-state level of the intermediate is 1.27 mmole/lit, which was reached in 13 minutes' time. After 1.5 rain of reaction time 90% of this level has already been achieved. The cobalt distribution, at the most extreme condition, is such that 37% of the total cobalt is in the form of Co2(CO)s; 31% is complexed as the intermediates. The remaining 32% is in the form of ttCo(CO)a, which can perform the hydrogenation of the acylcobaltcarbonyl*. As reaction progresses the olefin is converted into aldehyde and the system attempts to restore the original equilibrium condition by decreasing the quantity of intermediates and Co2(C0)s and increasing the quantity of HCo(C0)4. It must be kept in mind that the consecutive * In recent literature Whyman 1~ stated that hydrogenolysis of the acyl complex was the rate determining step owing to the absence of HCo(CO)a IR adsorption bands during the reaction. This observation is caused by the limitation of his apparatus ~a. In his system he could not observe the shift of the equilibria by the injection of olefin, because all the components of ~he reaction are charged to the reactor at ambient conditions. The reaction starts as soon as HCo(CO)4 forms during the heat-up period. HCo(CO)4 binds to the olefin, which is in excess quantity, forms and accumulates the acyl complex until its steady-state concentration is reached.
The CO absorption at 2200 cm -1 is smaller at 250 arm and 150 ~ than at 200 atm and 150 ~ this indicates that the diffusional limitations in Whyma'ns system were extremely high. This is also another factor which limits the formation of I-ICo(CO)4 in the reaction, due to the very low concentration of H2 in the liquid phase. reaction of alcohol formation consumes HCo(C0)4. Therefore the original equilibrium cannot be achieved.
One of the other oppositions to the break-up mechanism is that the rate of hydroformylation has proved to be faster than the rate of formation of IICo(CO)4, which in this case will be an intermediate rcac- * The rate of hydroformylation was calculated from the absorbance of olefin from the Ii~ spectrum, and also from the G.L.G. analysis of the corresponding samples. The reaction was found to be first order with respect to the olefin, which is in agreement with literature 1~. Hydroformylation is a homogeneous liquid phase reaction, where the reactants CO and H2 diffuse from the gas phase to the liquid phase. For that reason the mass transfer phenomena were studied very carefully by Stronger agitation until the conversion rate became constant I~ (900rpm in our system). In the reactions the stirring speed was therefore kept above 1000 rpm.
N. It. Alemdar~lu et al. :
The hydroformylation reaction rate constants found, as in the case of octene (Fig. 4) , with different olefins at different temperatures are given in Table 1 .
It is seen that the reaction rate constants increase with temperature.
The plot of In/c versus 1/T gives a straight line for each of the olefins studied and the slopes of these lines are the same (Fig. 5) , the activation energy calculated to be 16.3 kcal/mole. The total activation energy of the hydroformylation is found to be independent of the kind of the straight chain terminal mono-olefins. If the forward reaction rate constant of the formation of HCo(CO)4
from Co~(CO)s is plotted on the same graph: In/c versus 1/T, it is observed that the rate of formation of HCo(CO)4 is faster than the hydroformylation rate with any of the straight chain terminal mono-olefins used. In order to compare these data with literature, catalysts concentration was varied. A tenfold decrease in the catalyst concentration decreased the reaction rate constant 10 times. Therefore using direct relationship of catalyst concentration, the reaction rate constants presented by Wender et al. is and Kniese et al. 19 , extrapolated to our conditions, showed a remarkable agreement with our data. As a conclusion we have never observed with any olefin a hydroformy]ation reaction which is faster than the rate of formation of HCo(C0)4 from Co2(C0)s. Therefore the earlier conclusions have to be altered in this respect It.
The parallelity of the in k for the formation of HCo(CO)4 from C02(CO)s to the in k of the total hydroformylation reaction with different o]efins, suggested that in the total range of temperatures the rate of formation of HCo(CO)4 is greater than the hydroformylation rate. Therefore it can be an intermediate reaction in the hydroformylation. The activation energy of this intermediate reaction and that of hydroformylation are about the same. The total energy barrier to hydroformylation is equal to the barrier which must be overcome in the formation of HCo(CO)4 from C02(CO)s, which is the rate determining step.
Once active catalyst HCo(CO)4 is prepared, the hydroformyl~tion reaction proceeds at stoiehiometric conditions: 1 arm and 25 ~ the reaction is complete in a few minutes even at 0 ~ (Karapinlca2~ The reaction mechanism, studied thoroughly at stoichiometric conditions, showed that the hydrogenolysis of acylcobaltearbonyl is performed by ttCo(CO)4. More evidence about the intermediates and their change in concentration with time at 10 ~ has been presented by Ganlcin et al. 7, s
The reversibility of all the steps in the hydroformylation except the hydrogenolysis of acylcobaltearbonyls to aldehyde, has been proved exclusively by Orchin et al. ~1. Our results support the fact that the formation of intermediates and the reactions leading to aldehyde are very fast. The reaction rates are not affected by the increase in temperatare, therefore they have very low activation energies. But the temperature effect on the rate of formation of HCo(CO)4 is very much pronouneed as it is obvious from Fig. 5 . The mechanism of the reaction can be given as follows: Fig. 3 as A, implied that the steps of reactions leading to aldehyde were faster than the initial step of the formation of the 7~ complex. During the reaction more than 30% of the initial cobalt charged was present in the form of HCo(CO)4. If the hydrogenation step of the acyl complex was slower than the initial step of reaction between olefin and HCo(CO)a, one would observe a continuous increase in concentration of the intermediates and a continuous decrease in concentration of HCo(CO)4 during the progress of the reaction. From our observations this is not the case. Therefore the next slowest step besides the formation of HCo(CO)4, is its reaction with olefin to form the intermediate complexes. The rate constant of the hydroformylation reaction, starting with olefin and HCo(CO)4, after eliminating the formation of HCo(CO)4, shows that, with the increase in the chain of the terminal mono-olefin, there is a decrease in the rate of hydroformylation (Fig. 6) . The In rate constant versus the carbon number of the olefin, clearly indicates the above fact.
By assuming steady-state condition for the intermediates the reaction mechanism presented would lead to a rate which is proportional to the concentration of olefin and HCo(CO)4. Therefore the formation of hydrocobalttetracarbonyl going via route II : H2 § Co~(CO)6 ~ H2Co2(CO)6 ~ 2 HCo(CO)a presented in 18, would lead to the kinetic measurements by Natta1%
The solvent effects on the reaction can be explained by the solubilities of the components of the reaction in that solvent. There is still no clear explanation for the product distribution of the oxo reaction with Co2(CO)s. The increase of CO pressure increases the normal product, which implies the presence of two catalytically active species, as suggested by Piacenti~2. But the isomerization of the olefin or isomerization of the acyl complex, claimed by Orchin 2~, cannot be disregarded. Whether the initial addition of the catalytically active species (Markovnikov or anti-Markovnikov) supported by Gankin et al. 9, or the isomerization of the intermediates determines the final product distribution, is still an unsolved problem. We have observed the effects of temperature and CO pressure on the product distribution, but we never detected any clue in our experiments with the IR cell which may lead to a satis- 
Experimental
Experiments were performed in the same apparatus as given in previous papers 12, la The conversion of the olefin was determined by the absorbanee of the double bond at ~ 1825 em -1. In addition to this, G.L.C. analyses of the samples taken at various reaction times were made. The optimum separation is achieved with a stainless steel column (4mm • 4m or 12m), packed with a Chromosorb W-Carbowax 20M
(80-20 wt~o mixture). The gas chromatograph used is the Research Chromatograph 5720 I-teMett Packard. The peak areas are directly integrated by Infotronics Digital Read out System, Model CRS-104. A flame ionization detector is used. N2 is the carrier gas. The program is such that for 16 minutes it remains at 40 ~ then temperature increases to 175 ~ at a rate of 10 ~ and remains at this upper limit for 10 minutes.
Dodecane acted as an internal standard. 
